Five strains of bifidobacteria were studied for their acid and bile tolerance, and their cholesterol removal ability from nutrient medium incorporated with cholesterol. All strains showed varying levels of tolerance at pH 2.0 for 2 h, retaining viability ranging from 42.49 to 72.74% after 1 h. Most strains showed greatest tolerance to cholic acid and oxgall, and greatest inhibition by taurocholic acid. Cholesterol assimilation was determined by a difference in cholesterol content in the medium before and after the incubation period. All bifidobacteria strains were able to assimilate cholesterol, ranging from 4.17 to 27.14 µg/ml. Cholesterol assimilation patterns suggested that cholesterol removal was associated with growth of organisms. Binding of cholesterol to cells as determined using heat-killed cells and resting-cells in phosphate buffer indicated that a small level of cholesterol was removed by binding, ranging from 1.11 to 3.35 mg/g dry weight. Fatty acid compositions were compared between cells grown in the presence or absence of cholesterol. Changes in the fatty acid composition, especially tetradecanoic, hexadecanoic, octadecanoic, total saturated and unsaturated acids suggested that cholesterol removed was incorporated into the cellular membrane. Our findings suggest that bifidobacteria could remove cholesterol in vitro via assimilation, binding to cells and incorporation into cellular membrane, hence they may be potential candidates as dietary adjunct to lower serum cholesterol in vivo.
INTRODUCTION
Bifidobacteria are Gram-positive, nonmotile, nonsporeforming and anaerobic organisms that are mainly present in the colon of the intestinal tract, and constitute a major part of natural microflora of the human intestine. When present in sufficient numbers, bifidobacteria create a healthy equilibrium between beneficial and harmful microorganisms in the human gut (27) . In order to exert such positive influence, bifidobacteria must be resistant to bile salts present in the lower intestine, gastric pH of 1.0 to 4.0, enzymes present in the intestine (lysozyme) and toxic metabolites produced during digestion (10) . It was previously reported that a rapid decline in numbers of bifidobacteria was observed in acidic environment such as yoghurt (26) . Growth of Bifidobacterium spp. was retarded below pH 5.0 and the organisms died in less than 3 h in pH below 2.5 (27) . Gram-positive bacteria reportedly possess a myriad of acid resistance systems to survive in an acidic environment via use of proton pumps, changes in cell membrane, alteration of metabolism and production of alkali (3) . Previous studies showed that bile tolerance by bifidobacteria was dependent on strains and types of bile, with resistant levels ranging from bile concentrations of 0.125% to 2.0%. It was considered that the critical concentration of bile salts to screen for resistant strains for human use is 0.3% (16, 19) .
Probiotics are defined as 'live microbial supplement that beneficially affects the host by improving its i n t e s t i n a l m i c r o b i a l b a l a n c e ' ( F u l l e r 1 9 9 2 ) . C o n s u m p t i o n o f f e r m e n t e d m i l k m a d e u s i n g bifidobacteria has increased due to their beneficial effects including lowering of serum cholesterol level (11, 23) . Lactobacillus reuteri that actively assimilated cholesterol in the laboratory medium was found capable to function in vivo to exert hypercholesterolemic effect in mice (30) . Rats fed with non-fermented milk containing Lactobacillus gasseri reportedly showed reduced serum total cholesterol, low-density-lipoprotein cholesterol (LDL) and bile acids, and increased high-density lipoprotein (HDL) (32) . However, only a few reports showing such effects are found for bifidobacteria (4, 28, 29) .
From several in vitro studies, a number of mechanisms have been proposed for the cholesterol lowering action of probiotic bacteria. In vitro experiments also showed that cholesterol assimilation was influenced by the presence of bile salts. Strains that did not grow well in a medium containing bile salts assimilated a small amount of cholesterol as compared to those that grew well in the presence of bile salts. Uptake of cholesterol was particularly higher in a medium containing higher concentration of bile salts (22) . When newborn dairy calves was fed with strains of L. acidophilus that had different bile tolerance, the calves supplemented with bile tolerant strains had more lactobacilli in their intestinal tract compared with those fed with strains which were less bile tole rant (6) . It has been demonstrated that the ability of some strains to take up cholesterol was growth associated because resting cells did not exhibit interactions with cholesterol (28) .
Growth of selected lactobacilli strains in laboratory media containing cholesterol resulted in much of the cholesterol being removed along with the cells, hypothesising that cholesterol removal may be attributed to binding to the bacterial cell wall or incorporating into bacterial cellular membrane (21, 32) . It has been postulated that cholesterol was not closely associated with the membrane, but merely attached to the cell surface (4) . The f act that cholesterol may be incorporated into cellular membrane was supported by changes in membrane properties of L. acidophilus that were grown in the presence of cholesterol. Cells that were grown in the presence of cholesterol micelles showed greater resistance to lysis by sonication than did cells grown in control broth (21) . However, it was also reported that strains of L. casei grown in broth containing cholesterol revealed no measurable amount of cholesterol incorporation (1).
The aims of this study were to investigate the acid and bile tolerance pr operties of several str ain s of bifidobacteria, and possible mechanisms of cholesterol removal by these organisms. Victoria, Australia). All bifidobacterial strains were derived from the human origin. All stock strains were stored at -80°C in sterile reconstituted skim milk (12% w/v) and glycerol (40% v/v). Prior to experimental use, all strains were subcultured three times in sterile de Mann, Rogosa, Sharpe (MRS) broth, supplemented with filter-sterilized L-cysteine HCl (LC) solution (5% w/v). Incubation was performed using 1% inoculum at 37°C for 20 h.
MATERIALS AND METHODS

Bacteria
Acid tolerance
Acid tolerance property was evaluated by inoculating MRS-LC broth with each strain of bifidobacteria (10%), pH adjusted to 2.0 with HCl and incubated at 37°C for 2 h. Each of the 5 strains of bifidobacteria was subcultured at least three times prior to experimental use, followed by centrifugation after the final subculture, inoculation (10% v/v) into the broth, and growth monitoring using the plate count method. Samples (1 ml) were taken every 30 min for 2 h, followed by 10-fold serial dilution using peptone water diluent containing LC (22) . MRS-LC agar was used for plating and the plates were incubated anaerobically at 37°C for 24-48 h in an anaerobic jar (Becton Dickinson Microbiology Systems ® , Sparks, MD, USA) with a Gas Generating Kit ® (Oxoid, Ltd.). Acid tolerance was determined by comparing the initial and final counts. The experiments were repeated twice.
Bile tolerance
Bile tolerance of bifidobacteria was studied according to the method as described previously with some modifications (7) . Oxgall, cholic acid and taurocholic acid were used as different bile sources. MRS-LC broth containing each of the three types of bile at a concentration of 0.30% (w/v) was inoculated with each strain of bifidobacteria and incubated at 37°C. MRS-LC broth without bile was used as a control. According to the material safety data sheet (MSDS) and Merck solubility index, cholic acid has a solubility of 0.28 g/L in water at 15°C, while taurocholic acid was completely soluble in water. The growth was monitored by measuring absorbance at 620 nm at hourly intervals for 7 or 8 h with a spectrophotometer (Pharmacia Novaspec II, Cambridge, England). Absorbance values obtained were plotted against incubation time, and bile tolerance was determined based on the time required to increase the absorbance value by 0.3 unit. pH values of all the fermentation broths at time = 0 were measured, and another measurement was taken after the absorbance increased by 0.3 unit. All experiments were replicated twice.
Cholesterol removal
Sterile (121°C, 15 min) MRS-LC broth containing 0.30% oxgall or bile acids supplemented with filtersterilized water-soluble-cholesterol (polyoxyethanylcholesteryl sebacate) to a final concentration of 70-100 µg/ml was inoculated with each strain of bifidobacteria (1% v/v) and incubated anaerobically at 37°C for 20 h. After the incubation period, cells were centrifuged and the remaining cholesterol concentration in the broth was determined using a modified method as described previously (25) . Briefly, one millilitre of the aliquot was added with 1 ml of KOH (33% w/v) and 2 ml of absolute ethanol. The mixture was vortexed followed by heating at 37°C for 15 min. After cooling, 2 ml of distilled water and 3 ml of hexane were added and vortexed for 1 min. Phases were allowed to separate, 1 ml of the hexane layer was collected and evaporated using nitrogen. The residue was immediately dissolved in 2 ml of ophthalaldehyde reagent. After vortexing, 0.5 ml concentrated sulphuric acid was added and the mixture was vortexed for 1 min. The absorbance was read at 550 nm (Pharmacia Novaspec II, Cambridge, England) after 10 min. The experiments were repeated twice.
Cholesterol removal by growing-, dead-and restingcells
MRS-LC broth containing 0.30% oxgall was inoculated with each strain of bifidobacteria (1% v/v) and incubated at 37°C for 20 h. After the incubation period, cells were harvested, centrifuged (10000 × g, 4°C, 10 min), and the pellet was washed twice with sterile distilled water. For preparation of heat-killed cells, the cell pellet was suspended in 10 ml sterile distilled water and autoclaved for 15 min at 121°C. The heat-killed cells were suspended in MRS-LC broth containing 0.30% oxgall and water-soluble cholesterol. For preparation of resting cells, the cell pellet was suspended in 10 ml sterile 0.05 M phosphate buffer (pH 6.8) containing 0.30% oxgall and water-soluble cholesterol (14) . All strains were incubated at 37°C for 20 h. The spent broth was assayed for cholesterol content using the method described above.
For growing-cells, the following equation was used: Cholesterol removal = (C 1 -C 2 )/(W 2 -W 1 ); where C 1 and C 2 were the amount of cholesterol present in the fermentation broths at time = 0 and time = 20 h, respectively, and W 1 and W 2 were the dry weight of the individual culture at time = 0 and time = 20 h, respectively, for all treatment studied. For dead-and resting-cells, the following equation was used:
Cholesterol removal = (C 1 -C 2 )/(W 2 ); due to the non-growing nature of these cells during incubation. All experiments were replicated twice.
Cellular fatty acids composition
MRS-LC broth containing 0.30% oxgall and cholesterol was inoculated with bifidobacteria, and incubated at 37°C for 20 h. MRS-LC broth without cholesterol was used as a control. After the incubation period, cells were centrifuged and the cell pellet was collected for cellular lipid extraction using the method as described previously (20) . The lipid residue was methylated into fatty acid methyl esters by adding 100 µl methanolic KOH (2 M), followed by HCl (2 M) until methyl orange indicator changed to pink and the mixture was allowed to settle. The organic layer (10 µl) was collected and injected into a gas chromatograph (Variance Star 3400 CX, Walnut Creek, CA, USA), equipped with a flame ionization detector. Helium was used as the carrier gas (3 ml/min), split ratio of 1: 100 and the injection volume was 1 µl. A stainless steel column (30 m × 0.25 mm) packed with 70% cyanopropyl polysilphenylene siloxane was employed. The oven temperature was held at 100°C after sample injection and increased to 225°C with the rate of 5°C /min. The injector and detector temperatures were 260°C and 280°C, respectively. The concentration of fatty acid methyl esters was quantified using area counts of lipid standards (Sigma Chemical Co., St. Louis, MO, USA). All experiments were repeated twice.
Statistical analysis
Data analysis was carried out with SPSS Inc. software (version 10.0). One-way analysis of variance was used to study the significant difference between means, with a significance level at α = 0.05. Tukey's-test was used to perform multiple comparisons between means. All data are presented as mean ± standard error of means. The acid tolerance experiment and cellular fatty acid profiles were repeated twice on two different occasions, with two replicates each, thus resulting in N = 2 replicates, N = 2 sets of data/replicates, and n = 4 observations. The bile tolerance and cholesterol assimilation experiments were repeated twice on two different occasions, with three replicates each, resulting in N = 2 replicates, N = 3 sets of data/replicates, and n = 6 observations.
RESULTS AND DISCUSSION
All tests were performed using MRS broth as the suspending medium although most likely these organisms in dairy products such as yogurt, milk or cheese. This is to eliminate interferences that may occur with other compounds that are present in the media mentioned, and mainly emphasis on the sole effects of the treatment studied. The viability of bifidobacteria during 2 h of incubation at pH 2.0 is shown in Table 1 . All strains showed varying levels of acid tolerance, with B. longum BB536 and B. infantis 17930 being the most acid tolerant strains, retaining 66.10% and 30.22% of initial count, respectively after the 2 h incubation period. Previous studies have shown that serum cholesterol level has been associated with risks of coronary heart disease. Small reduction in serum cholesterol by 1% was found to reduce risk of coronary heart disease by 2 to 3% (18) . When probiotic organisms are administered in vivo, they are exposed to the acid and bile in the stomach and the intestinal tract (14) . Cellular stresses begin in the stomach, with pH as low as 1.5, and in the upper intestine that contains bile (2, 15) . Bile salts are synthesized from cholesterol in the liver, stored in the gall bladder, and released in the small intestine after ingestion of a fatty meal. Bile salts are critical to microorganisms since their cell membranes are composed of lipids and fatty acids (5) . There are several mechanisms for the removal of cholesterol from media by bifidobacteria, including assimilation by cells during growth (29) . In order to remove cholesterol, survivals at pH 3.0 for 2 h and in bile environment containing 1000 mg/L of bile acids are considered important for probiotic organisms (31) . Our results indicated that all strains showed varying degree of survival at pH 2.0 for 1 h. However, only B. longum BB536 and B. infantis 17930 could survive under such condition for 2 h. All organisms tolerated 0.30% oxgall, which was 3 times higher than the suggested level The effects of different bile on the growth of bifidobacteria are presented in Table 2 . Taurocholic acid was used as the conjugated bile, cholic acid as the deconjugated bile, while oxgall contained both conjugated and deconjugated bile salts. Growth of bifidobacteria in MRS-LC media without bile source was used as a control, to study the effects of different bile forms. Due to the addition of bile acids to the media, the effect of pH was monitored. Generally, media containing cholic acid had lower pH values compared to the other media. However, the reduction in pH values due to the production of acid by bifidobacteria, were more likely to be strain dependent. pH of the media decreased highest from strains B. breve ATCC 15698 and B. infantis ATCC 17930 incubated in MRS media without bile. The average reduction was highest from MRS media without bile supplementation (2.38), despite the fact that media with cholic acid had the lowest initial pH values, while the lowest pH reduction was from media supplemented with taurocholic acid (0.57). These indicated that the initial pH of media with different bile sources had minimal influence towards subsequent growth and bile tolerance of the cultures, and pH-related inhibitory actions of bile salts. All strains showed greatest tolerance to cholic acid, while the bacterial growth was slowest in the presence of taurocholic acid. However, no significant difference was observed between bacterial growth in the medium containing taurocholic acid and the control, indicating that the inhibitory effect may be minimal. B. infantis 17930 grew best in the medium without bile and subsequently showed highest tolerance to both cholic acid and oxgall, while B. infantis 1912 showed slowest growth in the absence of bile and was greatly inhibited by cholic acid and taurocholic acid. Based on our findings of bile tolerance in the presence of different bile, taurocholic acid appeared to possess inhibitory effect towards the growth of all species compared to cholic acid, although the inhibition was minimal. Although the reason is unclear, it appears that bifidobacteria had better tolerance to cholic acid as compared to taurocholic acid. It was previously reported that conjugated bile salts have greater solubility and detergent activity, and may, therefore be more toxic than its deconjugated counterpart. This was supported by the fact that the cholic acid added to the fermentation broths was far less soluble than taurocholic acid based on the solubility index. Bifidobacteria were found to hydrolyze bile salts with bile salt hydrolase, which decreases the solubility of bile salts, and thus weakening their detergent effect in order to protect against the toxicity of bile acids (8) .
Cholesterol assimilation by bifidobacteria during 20 h of growth is shown in Table 3 . Cholesterol removal varied significantly among species (P<0.05) and ranged from 4.17 to 27.14 µg/ml. All species showed higher cholesterol assimilation in the medium containing cholic acid compared to that containing taurocholic acid. Cholesterol assimilation was higher in the presence of cholic acid compared to the control for all species except B. longum BB536, while cholesterol assimilation was lowest in the presence of taurocholic acid for all species. B. breve 15698 and B. infantis ATCC 17930 assimilated highest level of cholesterol in the presence of oxgall compared to the other bile sources, while B. longum BB536 showed higher cholesterol assimilation in the absence of bile.
Cholesterol assimilation patterns under different bile sources indicated that assimilation might be influenced by bile tolerance for all bifidobacteria studied. Overall greater tolerance in the media containing cholic acid 1 Results are expressed as mean ± standard error of means; N = 2 replicates, N = 3 sets of data/replicate, n = 6 total observations. 2 Time (h) required to increase 0.3 absorbance units at 620 nm in each medium. abc Means in the same column followed by different lowercase letters are significantly different (P<0.05). ABC Means in the same row followed by different uppercase letters are significantly different (P<0.05). compared to taurocholic acid also yielded higher cholesterol assimilation in the presence of deconjugated bile than conjugated bile. Higher cholesterol assimilation was observed in the presence of bile for all bifidobacteria, with the exception of B. longum BB536 that assimilated higher amount of cholesterol in the medium without bile. Previous in vitro experiments showed that strains that did not grow well in the medium containing bile salts were unable to assimilate cholesterol (22) . This was also supported by various studies that showed strains of bacteria have greater tendency to remove cholesterol from medium in the presence of bile salts (2, 29) . Growth of all bifidobacteria studied in the presence and absence of cholesterol with oxgall as the bile source, and the cholesterol assimilation patterns are illustrated in Fig. 1 . Oxgall was chosen instead of cholic acid because it represents closely the actual human gut model system, and all strains showed good growth and cholesterol assimilation in its presence. All species showed better growth in the medium containing cholesterol compared to that without cholesterol, except B. infantis 1912 that grew better in the absence of cholesterol. In the medium containing no cholesterol, B. infantis 1912 and B. longum 1941 showed higher growth increment for the first 12 h of incubation, followed by slower growth thereafter. In medium containing cholesterol, most species showed higher initial growth for the first 15 h, followed by slower growth until the end of the 24 h incubation period. Cholesterol assimilation patterns showed that cholesterol was increasingly assimilated throughout the entire 24 h incubation period and was growth associated.
Our findings indicated that cholesterol removal and growth are closely related. Cholesterol assimilation in the presence of different bile source showed good relationship (R 2 = 0.77 to 0.94) with bile tolerance of the strains studied (Fig. 2) . Strains showing greater tolerance towards deconjugated bile exhibited overall higher cholesterol assimilation in the presence of cholic acid, while those showing greater inhibition by taurocholic acid produced lower cholesterol assimilation. Also, most strains exhibited better growth in the presence of cholesterol, indicating that cholesterol stimulated their growth. Better growth was obtained when cells were grown in the presence of cholesterol than without cholesterol. Furthermore, regression analyses suggested that cholesterol removal was closely associated with the bacterial growth. We determined the degree of cholesterol removal by resting-and dead-cells. The amount of cholesterol removed by growing-, resting-and dead-cells are illustrated in Fig. 3 . Heat-killed-and resting-cells showed a small amount of cholesterol removal, ranging from 1.11 to 3.35 mg/g dry weight, compared to growing cells which ranged from 4.66 to 10.80 mg/g dry weight. However, most species appear to remove more cholesterol when cells were resting compared to those heat-killed, except B. infantis 1912 that removed more cholesterol when cells were dead. With the exception of B. infantis 1912, all other species of bifidobacteria that showed higher cholesterol removal in growing cells, also removed relatively more cholesterol in resting and dead forms. B. infantis 17930 removed highest cholesterol when cells were growing, resting or dead, while B. longum 1941 removed lowest cholesterol regardless of whether cells were growing, resting or dead.
Cholesterol removal was higher when cells were growing than when cells were heat-killed or were in resting stage as in phosphate buffer. However, both dead-and resting-cells removed a small amount of cholesterol. The capability of strains to remove cholesterol even in dead and resting stage indicated that cholesterol might also be removed via binding to cells. The pH of the intestinal tract of humans is usually neutral to alkaline (14) . Our results showed that cholesterol was bound to heat-killed cells suspended in phosphate buffer at pH 6.8, thus suggesting that cholesterol in the intestine could be removed independently of whether cells are live. Higher cholesterol removal by growing cells indicated that the degree of bound cholesterol might be dependent on growth stage of cells. We postulate that cholesterol binding to growing cells could be stronger compared to dead-and resting-cells. It was reported that growing bacterial cells could retain a significant amount of cholesterol and postulated that cholesterol removal in vitro might be dependent on cell growth (28) . More than 40% of cholesterol was extracted from cells of Bifidobacterium breve ATCC 15700 and the bound cholesterol could not be detached even after several washings, indicating that the binding of cholesterol to cell surface was strong. The quantification of cellular fatty acid composition for Bifidobacterium spp. grown in the presence and absence of cholesterol is shown in Table 4 . There was a difference in fatty acid distribution pattern for cells grown with or without cholesterol. Cells grown in the media without cholesterol showed high levels of hexadecanoic, oleic and linoleic acids, but lower levels of shorter chain fatty acids. In addition, B. breve 15698 showed high level of octadecanoic acid as well. The total amount of saturated fatty acids was higher than the total unsaturated fatty acids. In the presence of cholesterol, most species contained more hexadecanoic and octadecanoic acids compared to organisms grown in the medium without cholesterol. B. longum BB536 contained high content of oleic acid when cells were grown in the medium containing cholesterol, while B. infantis 1912, 17930 and B. breve 15698 contained high myristic acid. All organisms also exhibited higher level of total saturated fatty acids compared to total unsaturated fatty acids. However, organisms grown in the presence of cholesterol had more total saturated fatty acids and lower unsaturated fatty acids levels. All organisms contained more total fatty acids when they were grown in the media containing cholesterol compared to those without cholesterol.
Changes in cellular lipid profiles were quantified using a gas chromatograph and cellular fatty acids were methylated with methanolic HCl. Methanolic HCl does not methylate free fatty acids, thus methylated fatty acids were supposedly components of the membrane phospholipids. The lipids of Gram-positive bacteria are found mainly in the membrane and the fatty acids in bacteria are primarily the precursors of cellular phospholipids (17) . In this study, alterations of fatty acid profiles were found especially with tetradecanoic, hexadecanoic, octadecanoic, total saturated and unsaturated acids. Using lactococci, it was postulated that the changes in fatty acid profiles of cells grown in the presence of cholesterol were a result of cholesterol incorporation into the cellular membrane (14) . Such alteration in the cellular envelop due to cholesterol incorporation has been reported previously, with an estimated of 10 to 15% of the assimilated cholesterol was recovered in the cellular membrane fraction (21) . Cells grown in the presence of cholesterol were found to be more resistant to lysis by sonication compared to cells grown in absence of cholesterol (4). Cholesterol incorporated into the cell membranes of mycoplasmas reportedly protected the cells from lysis by increasing the tensile strength of the membranes (24) . Our results showed that total fatty acids obtained from cells grown in the presence of cholesterol were higher than in the absence of cholesterol. We postulate that the increased total fatty acids content was attributed to cholesterol incorporation into the membrane and not by cellular synthesis, because Gram-positive bacteria living under high lipid concentrations were previously reported to lose the ability to synthesize lipids or fatty acids (13) . Furthermore, changes in bacterial cellular lipid composition was mainly related to environmental stresses such as salt, acid, oxidative or thermal fluctuations (9) , or attributed by changes in composition of fermentation medium such as the addition of Tween 80, which reportedly increased oleic acid concentration in membranes of lactic acid bacteria (12) . All strains were grown in similar incubation conditions, with the only difference being the presence or absence of cholesterol in the medium. This study showed that B. longum BB536 and B. 
